Introduction
============

Hepatocellular carcinoma (HCC) is one of the most prevalent and common malignant tumors globally. It is reported that only 10\~20% of patients can have surgery when the tumors are found [@B1]-[@B3]. In terms of etiology, it is associated with HBV, HCV, alcohol, aflatoxin and hemochromatosis. Moreover, autoimmune hepatitis, obesity and diabetes were also recently confirmed to be related to the development of HCC [@B4]-[@B6]. Inactivation of tumor suppressor genes and overexpression of oncogenes contribute to HCC tumorigenesis and progression, as do genetic and epigenetic mutations [@B7], [@B8]. Although a large number of gene alterations have been identified in the past decades, no main driving genes could be universally targeted, which may be due to frequent alterations of the cancer cells following Darwinian laws [@B9].

Tumor heterogeneity is the main obstacle for various cancer therapies. Cancer stem cells, microenvironment alterations, and epigenetic and genetic mutations all can contribute to cancer heterogeneity [@B10]-[@B13]. CSCs lead to tumor heterogeneity due to their capability of differentiating into heterogenous cancer cells. The inappropriate government of the cell cycle may contribute to the generation of CSCs, which currently are thought to be partially responsible for tumorigenicity and tumor relapse [@B14]. Furthermore, dysfunctional cell cycle regulation, such as the expression of cyclin-dependent kinases (CDKs) in CSCs, may promote tumorigenesis and the failure of traditional chemotherapeutics to eradicate solid cancer. Hence, CDK inhibitors may be suitable candidates for HCC therapy, and some have entered clinical trials [@B15]-[@B18]. In this study, we found that HCC expresses high levels of the cyclin-dependent kinase CDK1, which is associated with poor overall survival. Previous findings suggested that CDK1 governed the phosphorylation of factor 4E-binding protein 1 (4E-BP1), which is important in tumorigenesis [@B19]. CDK1 interaction with pluripotency transcription factor Oct4 (octamer-binding transcripttion factor 4) plays an important role in embryonic stem cell stemness [@B20], [@B21]. However, targeted CDK inhibitors in a defined cancer stem cell population have not yet been elucidated.

We explored the CDK1 inhibitor RO3306 alone or in combination with sorafenib to see the efficacy of treatment in patient-derived xenograft (PDX) tumor models. PDX models have unique advantages for conducting preclinical trials as they mostly mimic molecular, histologic, and genomic characteristics of the primary tumor. This tendency reveals an increased acceptance for its predictive value and a high degree of representation of the clinical outcome, which could increase the overall success of transitioning to a new clinically approved treatment and delivery to patients [@B22]-[@B25]. They are a precious approach to integrating preclinical and clinical drug development [@B26], [@B27]. A CDK1 inhibitor (RO3306) in combination with sorafenib acts on hepatocellular carcinoma with a synergistic antitumor growth effect on PDX tumor models, which may be due to its effects on decreasing the liver cancer stem cell stemness via the CDK1/PDK1/β-Catenin signaling pathway. The anticancer effect was confirmed in CSC-derived orthotopic tumor models. Furthermore, with the down-regulation of β-Catenin, EMT was also suppressed, which shows anti-metastasis potential.

Methods
=======

HCC specimens and cell lines
----------------------------

The collection and application of fresh tumor tissues was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority of Hong Kong (UW05-3597/I022). Specimens were collected from three HCC patients who had not undergone any radiation or chemotherapy before liver resection. HCC tissues and normal liver samples (N21 and N23) were acquired from the Tissue Bank at the Department of Surgery at Queen Mary Hospital. The human HCC cell line MHCC97H (97H) was from the Cell bank of Shanghai, Chinese Academy of Sciences, and the normal hepatocyte cell line LO2 from ATCC was cultured in 10% FBS in DMEM:F12 (Life Technologies). Additionally, 97H liver cancer stem cells were isolated from 97H monolayer cells through the single sphere formation method. The second and third generation of 97H spheres from the dissected single sphere cells were used in our experiments [@B28]. The 97 liver CSCs were cultured in DMEM:F12 sphere medium without FBS.

Generation of PDX tumor models, CSC-derived orthotopic tumors and drug treatment
--------------------------------------------------------------------------------

The fresh tumor tissues from Queen Mary Hospital were minced into a size of 1 mm × 1 mm. The tissues were immediately transplanted into the flank of NOD-SCID mice subcutaneously. This was considered the PDX F0 tumor. Once the F0 tumor volume reached \~2 cm^3^, we propagated another generation of NOD-SCID mice or nude mice for the experiment (F1). A CSC-derived orthotopic tumor model and lung metastasis model were generated following the procedures reported previously [@B28]. F1 tumor-bearing mice were randomly and blindly divided into four groups: (1) vehicle; (2) RO3306 4 mg/kg every 2 days, oral gavage administration; (3) sorafenib 30 mg/kg, twice a day, oral gavage administration; and (4) combinatorial treatment RO3306 4 mg/kg plus sorafenib 30 mg/kg. When most F1 tumors were larger than 20 mm^3^, we started the treatments and the tumor volumes (length × width^2^ / 2) and body weights were monitored approximately 3 times per week. The total treatment lasted for two weeks\' time, and the mice were killed after another 2 weeks.

Immunoblots and coimmunoprecipitation (Co-IP)
---------------------------------------------

Cell pellets and tumor tissue (50-75 mg) were put in protein lysis buffer (20 mM Tris pH 7.4, 250 mM NaCl, 1 mM EDTA, 1% NP-40, 1 mM PMSF) for 30 min. The protein concentration measurement followed the standard procedure of the Pierce^TM^ BCA Protein Assay Kit (Thermo Scientific). The cytoplasmic and nuclear protein were extracted by ReadyPrep Protein Extraction kit (Bio-Rad Laboratories. Inc.CA). The relevant proteins were transferred to the PVDF membrane and incubated with primary antibody against β-actin (Sigma-Aldrich, MO), CDK1, PDK1, β-Catenin, phospho-Akt (T308, S473), total Akt, phospho-Stat3 (T705, S727), total Stat3, Nanog, Oct4, Sox2, phospho-GSK3 β (S9) and cleaved Notch1 (all from Cell Signaling Technology), and E-cadherin and Snail1 (Santa Cruz Biotechnology). The high or low-level protein expressions were measured by ImageJ software, which has been described in our previous article [@B28], [@B29]. We defined CDK1/ PDK1-related HCC cases as cases where the ratio of the two proteins (CDK1 vs. PDK1) was 0.5 to 1 and HCC cases unrelated to CDK1/PDK1 as cases where the ratio was less than 0.5 or larger than 1 [@B28]. For protein interaction using primary antibodies against CDK1 and PDK1, 150 µg of protein was incubated with 10 µL of protein G sepharose bead slurry (Amersham Biosciences, NJ) at 4 ℃, rotating for 30 min. The supernatant was kept and primary anti-CDK1 antibody was added and incubated with gentle rocking overnight in a cold room. 40 µL protein G sepharose bead slurry was added and incubated with rotation for 3 h at 4 ℃. Finally, the immune-complexes were analyzed by immunoblotting using anti-PDK1 antibody.

RNA extraction and qPCR
-----------------------

Total RNA extraction rigidly followed the protocol of the RNeasy kit (Qiagen). gDNA treatment containing 300-500 µg RNA, 10x RO DNase buffer (1.8 µL), DNase-free RO (0.8 µL), and RNA-free water to a total volume of 18 µL was incubated at 37 ℃ for 10 min, followed by the addition of 1.8 µL of RO DNase stop solution, and then incubated at 65 ℃ for another 10 min. The reverse-transcription followed the procedure in the Transcriptor First Strand cDNA Synthesis Kit (Roche):10x buffer (3 µL), universal primer (2 µL), dNTP (2 µL), inhibitor (0.8 µL), RTase (1.2 µL), and RNA-free water (3 µL), with the procedure as follows: 25 ℃ for 10 min, 37 ℃ for 2 h, 85 ℃ for 5 min, store at 4 ℃. Quantitative PCR was performed using the Selected SYBR Green master mix (Life Technologies) on an ABI 7900HT Detection System. cDNA (1 µL), SYBR Green master mix (7.5 µL), target primer (2.5 µL), and RNA-free water was added to a total volume of 15 µL. The assay was performed on an ABI 7900HT Detection System with the following procedure: stage 1, 50 ℃ 2 min, 95 ℃ 10 min; stage 2, (95 ℃ 0.15 min, 60 ℃ 1 min) ×40 cycles; and stage 3, 95 ℃ 0.15 min, 60 ℃ 1 min. The primers are listed in **Table [S1](#SM0){ref-type="supplementary-material"}**.

H&E staining, IHC staining, PI staining and flow cytometry assay
----------------------------------------------------------------

Sections of approximately 4-6 µm were cut and mounted on a pre-coated glass slide, following the procedure we reported previously [@B28]. Fixed cells were incubated in 1 mL 70% ethanol at -20 ℃ for at least 1 h. The cells were centrifuged at 500 ×g for 5 min, and suspended in 500-1000 µL PI staining buffer containing PBS, 50 µg/mL PI and 100 µg/mL RNAse A. For the CSC marker measurements, the cells were labeled with antibodies against CD133-PE, CD90-APC, EpCAM-PE-Cy7 (eBioscience), and the corresponding isotype antibody as a control to exclude nonspecific background staining. They were then incubated in the dark for 20-30 min and analyzed by FACSCalibur (Becton Dickinson, San Jos, CA).

Sphere formation and tumorigenicity assays
------------------------------------------

The CSCs were seeded in 96 well plates at one cell per well for single sphere formation assay to measure the self-renewal ability. The number of CSCs was maintained around 600-800 per well in 96 plates for the overall colony formation assay. The tumor cells were pretreated with a low dose of RO3306 (2 mM) and sorafenib (2.5 mM) for 2 days, and then implanted into mice subcutaneously to trace the tumor growth by luciferase [@B28].

Lentivirus transduction to knockdown CDK1
-----------------------------------------

To study the function of CDK1, the plasmids expressing shRNAs specifically targeting human CDK1 (shCDC2 and shCDC22) were built using the pEco-Lenti-H1-shRNA (GFP) kit (GenTarget Inc., San Diego, CA, USA). The oligos for shRNA were constructed by Life Technologies RNAi Designer and the Gene Link shRNA design program. The scramble control shRNA cloned in the vector was used as a control. These are listed in **Table [S1](#SM0){ref-type="supplementary-material"}**.

Statistical analysis
--------------------

Statistical analysis among the different groups was conducted using SPSS 21 (IBM Corp., Armonk, NY, USA). All the data are presented as the mean ± SD of three independent experiments. Pearson correlation analysis was conducted to measure the correlation between the protein levels (calculated by ImageJ) in clinical tissues [@B28], [@B29]. Student\'s paired and independent t-tests were used. The Pearson\'s chi-square test was used to calculate the correlation of CDK1 related or unrelated to other proteins with clinicopathologic parameters. The Kaplan-Meier method and log-rank test were applied for the survival analysis. Univariable and multivariable analysis, and Cox hazard regression tests were conducted to analyze the independent prognostic factors. P\<0.05 was considered statistically significant.

Results
=======

The potential associated expression of CDK1/PDK1/β-Catenin and its clinical significance in HCC
-----------------------------------------------------------------------------------------------

We evaluated CDK1, PDK1 and β-Catenin activity in cell lines and fresh human HCC tissues (**Figure [1](#F1){ref-type="fig"}A-B**). CDK1 was high in the 97H cells and liver cancers compared with the immortalized liver cell LO2 cells and normal human liver tissues. The high expression level of CDK1 correlates with increased PDK1 and β-Catenin. Western blot analysis showed that 46% (18/39) of clinical cases had a high expression level of CDK1 analyzed by ImageJ [@B28], [@B29] (**Figure [1](#F1){ref-type="fig"}C-D** and **Figure [S1](#SM0){ref-type="supplementary-material"}A-C**). What\'s more, the high activity level of CDK1 was associated with poor overall survival (log-rank=7.094, p=0.008, **Figure [1](#F1){ref-type="fig"}E**), which is consistent with the findings in ovarian cancer [@B30]. Clinically, the high activity level of CDK1 was significantly associated with one- and five-year tumor recurrence (p=0.013 and p=0.017, Pearson chi-square test; **Table [S2](#SM0){ref-type="supplementary-material"}**). Furthermore, there exists a correlation between CDK1 and PDK1 (p=0.00, R=0.769, linear regression analysis; 92.3% 36/39 cases), PDK1 and β-Catenin (p=0.00, R=0.769, linear regression analysis; 89.7% 35/39 cases), and CDK1 and β-Catenin (p=0.00, R=0.847, linear regression analysis; 87.2% 34 / 39 cases) (**Figure [1](#F1){ref-type="fig"}F-H**). Co-IP confirmed the interaction between CDK1 and PDK1 (**Figure [1](#F1){ref-type="fig"}I**), but there was no detectable association between PDK1 and β-Catenin or CDK1 and β-Catenin (data not shown). PDK1 is expressed in many cancers and plays an important role in tumor metastasis [@B31]-[@B34]. The CDK1 and PDK1 association revealed a poor disease-free survival compared with the CDK1 and PDK1 unrelated cases (log-rank=4.719, p=0.03, **Figure [1](#F1){ref-type="fig"}J**). CDK1 and PDK1 relation is associated with a five-year recurrence (p=0.025, Pearson chi-square test; **Table [S3](#SM0){ref-type="supplementary-material"}**). The univariate analysis displayed that CDK1 (high or low) or PDK1 (high or low) are the factors associated with overall survival. CDK1 related to PDK1 is a significant independent prognostic factor for disease-free survival based on multivariate analysis (p=0.009, **Table [S4](#SM0){ref-type="supplementary-material"}**), consistent with the Kaplan-Meier analysis (**Figure [1](#F1){ref-type="fig"}J**).

The efficacy of sorafenib and RO3306 on PDX models
--------------------------------------------------

The PDX tumor models mostly resemble their original tumor, which is in line with our western blot and immunohistochemistry staining (**Figure [S1](#SM0){ref-type="supplementary-material"}D-G**). The activities of CDK1, PDK1 and β-Catenin are specific similar between the clinical tissues and paired PDX models (**Figure [S1](#SM0){ref-type="supplementary-material"}E**). To explore the direct effect of CDK1 inhibitor alone or combined with sorafenib, we applied them to F1 generation PDX tumor models *in vivo* (**Figure [2](#F2){ref-type="fig"}A**). The results showed that tumor growth was suppressed by 75%, 49% and 92% in RO3306, sorafenib, and combinatorial treatment groups. Particularly, in the RO3306 combined with sorafenib group, a synergistic anticancer effect on the overall PDX tumor models was revealed (**Figure [2](#F2){ref-type="fig"}B-C**). The HCC case \#4 PDX model illustrated a dramatically synergistic reduction in tumor growth in line with the overall PDX tumors. HCC case \#10 PDX model displayed tumor resistance to sorafenib treatment, whereas combinatorial treatment showed a significant enhanced antitumor effect, overcoming the tumor resistance (**Figure [2](#F2){ref-type="fig"}D-E**). Both PDX case \#4 and case \#10 were consistent with their tumor volume growth curves (**Figure [S2](#SM0){ref-type="supplementary-material"}A-B**). Taken together, the CDK1-targeted inhibitor can enhance the efficacy of sorafenib treatment, which would be applied to overcome its limited effect and improve the outcome of advanced HCC patients. In addition, the HCC case \#9 PDX model indicated a dramatic resistance to RO3306, sorafenib, and combinatorial treatment, which we presumed is due to low tumor progression and growth (**Figure [S2](#SM0){ref-type="supplementary-material"}C-D**). Slow PDX tumor growth was also observed in aggressive triple negative breast cancer (HCI-004 of supplementary Figure [2](#SM0){ref-type="supplementary-material"} in that paper) [@B35], which makes it different than effective suppression. Moreover, with under treatment alone or in combination, the mouse body weights of various treatment groups had no significant difference, indicating the drug tolerance at the beginning of administration (**Figure [S2](#SM0){ref-type="supplementary-material"}E**).

The synergistic effects of RO3306 and sorafenib targeting liver CSCs *in vivo*
------------------------------------------------------------------------------

Histologically, PDX tumors were paired to original HCC (**Figure [3](#F3){ref-type="fig"}A**), which may predict the clinical treatments. The activity levels of CDK1, PDK1 and β-Catenin illustrate synchronous downregulation with the combinatorial treatment, which may be the reason for the dramatic antitumor growth compared with single treatment groups (**Figure [3](#F3){ref-type="fig"}B**). The CDK1 activity level is higher in PDX case \#4 than in case \#10, and the decreased CDK1 level is 1.6-fold compared to 0.6-fold in the case \#10 based on ImageJ analysis, which may explain the reason for the more dramatic inhibition of PDX case \#4 (**Figure [3](#F3){ref-type="fig"}B**, upper panel). Wnt/β-Catenin signaling activation is pivotal in the maintenance of HCC stemness [@B36]. Flow cytometry analysis shows that the CD133+ and CD90+ CSC subpopulation decreased in the combinatorial treatment group compared with other groups (**Figure [3](#F3){ref-type="fig"}C**).

The reduction of CSCs was further verified by western blot results, which demonstrated downregulation of the stemness proteins Oct4, Sox2 and Nanog (**Figure [3](#F3){ref-type="fig"}D**). Specifically, RO3306 has a more prominent targeted inhibition effect on CSCs than sorafenib (**Figure [3](#F3){ref-type="fig"}C**), in line with the dramatically decreased level of the stemness-related proteins Oct4, Sox2 and Nanog in the RO3306 treatment (**Figure [3](#F3){ref-type="fig"}D**). Moreover, the upregulated level of Oct4 and Nanog may contribute to the resistance of the case \#10 PDX model tumor following sorafenib treatment [@B37]-[@B39] (**Figure [3](#F3){ref-type="fig"}D**, right), Erk1/2 activity is considered a marker of sorafenib treatment in HCC [@B40], [@B41] and sorafenib resistance was confirmed by the low level of pErk1/2 in case \#10 PDX tumor model (**Figure [3](#F3){ref-type="fig"}E**). The serine/threonine kinases Akt and Stat3 maintain the stemness of the stem cells and CSCs [@B28], [@B42], and the western blot results showed synergistic inhibition on the activity of Akt, especially for pStat3 (**Figure [3](#F3){ref-type="fig"}F**). In addition, the decreased levels of Snail 1 and Snail 2 with the upregulated level of E-cadherin in F1 PDX models illustrated the anti-metastatic potential (**Figure [S3](#SM0){ref-type="supplementary-material"}**). Taken together, the down-regulated expression of CDK1, PDK1 and β-Catenin with decreased CSCs may contribute to the antitumor effect on the F1 generation PDX tumor models.

RO3306 and sorafenib inhibited HCC CSC proliferation and self-renewal
---------------------------------------------------------------------

CSCs can be enriched in anchorage-independent sphere cells [@B28], [@B43]. The sphere formation assay showed a low dose of RO3306 (38.3 ± 15.2), sorafenib (19.8 ± 5.9) or combinatorial treatment (4.4 ± 3.7), which could significantly suppress cancer proliferation, particularly the combined therapy, which illustrated a synergistic effect (**Figure [4](#F4){ref-type="fig"}A** and **Figure [S4](#SM0){ref-type="supplementary-material"}A**). The self-renewal ability was detected by single-cell sphere formation and demonstrated similar results (**Figure [4](#F4){ref-type="fig"}B**). RO3306 and sorafenib combinatorial treatment decreased the CD90+ and EpCAM+ CSC subpopulations, as well as the expression of stemness-related genes Nanog and Sox2 (**Figure [S4](#SM0){ref-type="supplementary-material"}B-C**). Low-dose combinatorial inhibition decreased S-phase and increased cell arrest in the G2/M phase for 24 h (**Figure [4](#F4){ref-type="fig"}C**), whereas the upregulated Sub-G1 population indicated more cell apoptosis after a 72h exposure duration (**Figure [S4](#SM0){ref-type="supplementary-material"}D**). Next, to further evaluate self-renewal, single cells per well in 96 well plates were cultured for 40 days to detect huge sphere formation (≥1 mm). Surprisingly, RO3306 and the combinatorial treatment had no huge sphere formation compared with 27% (6/22) in the vehicle-treated and 17% (3/18) in the sorafenib groups (**Figure [4](#F4){ref-type="fig"}D**). RO3306 may have more suppression effects on CSC stemness compared with sorafenib, which shows the rational application of the synergistic combinatorial treatment. This was further confirmed by the synergistic inhibition on the activation of Akt and Stat3 (**Figure [4](#F4){ref-type="fig"}E**). Furthermore, the agent treatments, especially the combinatorial inhibition, could reverse the process of EMT and decrease the drug resistance gene ABCB1 (**Figure [S5](#SM0){ref-type="supplementary-material"}A-G**). Overall, RO3303 and sorafenib combination illustrated synergistic inhibition of CSC stemness.

RO3306 increased the efficacy of sorafenib on CSC tumorigenicity
----------------------------------------------------------------

To further evaluate the oncogenic function, CSCs pre-treated with the indicated drugs were assessed in an *in vitro* single-cell sphere formation assay and for their tumorigenicity *in vivo* (**Figure [5](#F5){ref-type="fig"}A**). Functional assays showed 81.5%, 25.8%, 29.4% and 6.1% single-cell colony formation in the control, RO3306, sorafenib and combinatorial treatment groups (**Figure [5](#F5){ref-type="fig"}B**). Next, we confirmed the combination synergistic effect *in vivo* by a tumorigenicity assay (**Figure [S6](#SM0){ref-type="supplementary-material"}A** and **Figure [5](#F5){ref-type="fig"}C-D**). At the four-week endpoint, the tumor incidence was 100% (6/6) in the vehicle-treated groups compared with 83% (5/6), 33% (2/6) and 0% (0/6) in the RO3306, sorafenib and combinatorial treatment groups, respectively (**Figure [5](#F5){ref-type="fig"}E**). Moreover, the average tumor weight and volume were much lower in the indicated treatment groups than in the control vehicle-treated group (**Figure [5](#F5){ref-type="fig"}F-G**).

In addition, 100 days after total tumor resection, tumor recurrence occurred in three mice of the vehicle-treated groups with a huge tumor size; two mice in the RO3306-treated group with one new emerging tumor, all with small size; one new emerging tumor in the sorafenib group; and one new emerging tumor in the combinatorial group (**Figure [S6](#SM0){ref-type="supplementary-material"}B**). Overall, the tumor incidence was 100% in the vehicle-treated group with 3 recurring tumors, and 100% in the RO3306-treated group with 2 recurring tumors. However, the average tumor size was smaller in the RO3306-treated group compared to the vehicle-treated group (data not shown). The tumor incidence in the sorafenib-treated group was 50% (3/6), while that of the combinatorial treatment group was only 17% (1/6), both without tumor recurrence (**Figure [S6](#SM0){ref-type="supplementary-material"}C**). Together, this suggests that combinatorial treatment could synergistically decrease CSC tumorigenicity.

From the 97H CSCs-derived orthotopic tumor models, we confirmed the synergistic antitumor effect of the combinatorial treatment (tumor weight: 1.87 ± 0.31g, 0.56 ± 0.38g, 0.55 ± 0.32g vs 0.03 ± 0.03g) (**Figure [5](#F5){ref-type="fig"}H** and **Figure [S6](#SM0){ref-type="supplementary-material"}D**), which was in line with the PDX models of HCC case \#4 and \#10. Further, the combination antitumor growth effect along with the antimetastasis shown in our lung metastasis investigation 100%, 40%, 20% lung metastasis compared with 0% in the combinatorial treatment group. (**Figure [5](#F5){ref-type="fig"}I** and **Figure [S6](#SM0){ref-type="supplementary-material"}E**).

CDK1/PDK1/β-Catenin signaling in CSCs
-------------------------------------

The clinical correlation among CDK1, PDK1 and β-Catenin, and the corresponding decrease in the expression levels of CDK1, PDK1 and β-Catenin demonstrated a significant, synergistic anticancer effect following combinatorial treatment in the PDX models. To further recapitulate the observation above, we evaluated the oncogenic function of CDK1 *in vitro.* Two shRNAs (shCDK1-2 and shCDK1-22) specifically targeting CDK1 were transfected into MHCC 97H sphere cells to avoid off-target effects. The knockdown effect was confirmed by western blot analysis and the results revealed that both shRNAs could specifically decrease the expression of CDK1, accompanied by a downregulation of PDK1, β-Catenin and AKT (**Figure [6](#F6){ref-type="fig"}A-B**). The PDK1 and AKT were believed to interact with each other, which was verified by our Co-IP analysis (**Figure [S7](#SM0){ref-type="supplementary-material"}A**). Pharmacological inhibition of MHCC 97H sphere cells could decrease PDK1 and β-Catenin without obvious down-regulation of CDK1 in 24 h (**Figure [6](#F6){ref-type="fig"}C**) (due to inhibition of the kinase activity of CDK1, but degradation of the protein CDK1 needs longer than 24 h). CDK1, PDK1 and β-Catenin expression levels were decreased by RO3306 and sorafenib alone or in combination after 48 h (**Figure [6](#F6){ref-type="fig"}D**). Functional assays showed that CDK1 silencing could dramatically suppress the clonogenic phenotype analyzed by reducing the colony formation and inhibiting the self-renewal ability measured by the single sphere formation assay (**Figure [6](#F6){ref-type="fig"}E**). Downregulation of CDK1 reverses the process of EMT (**Figure [S7](#SM0){ref-type="supplementary-material"}B-E**). The CD90+ CSC subpopulation also decreased after transfection silencing (**Figure [S7](#SM0){ref-type="supplementary-material"}F**). Taken together, the abolished tumor growth occurred through inhibiting the CDK1/PDK1/β-Catenin signal pathway in HCC.

Discussion
==========

HCC is one of the most aggressive cancers with very low survival and a high probability of metastasis. We illustrated that CDK1 is associated with poor HCC overall survival (p=0.008). High CDK1 expression is a risk factor of one- and five-year tumor recurrence (p=0.013 and p=0.017), indicating that CDK1 might play essential oncogenic roles in HCC progression. CDK1 is a member of the Ser/Thr protein kinase, which is essential for cell G1/S and G2/M phase transitions [@B44], [@B45]. The dysfunction of the cell cycle could lead to the generation of CSCs that currently are thought to partially contribute to oncogenicity [@B14], [@B46]. The abnormal cell cycle in CSCs might enhance tumorigenesis and lead to the failure of traditional chemotherapy. Exploring the CDK inhibitors in CSCs may permit the development of novel strategies to treat cancer [@B47]. Currently, sorafenib is the only FDA-approved targeted therapy for HCC, but its effect only extends 3 months in advanced HCC. There is an urgent need to identify new effective therapies for HCC patients.

One breakthrough has been achieved for palbociclib (a reversible CDK4/6 inhibitor) in combination with letrozole (aromatase inhibitor) for estrogen receptor-positive breast cancer treatment. The enhanced combination antitumor effects led to palbociclib being approved by the FDA in 2015 [@B48], [@B49]. Apart from the CDK4/6 inhibitor palbociclib, the combination of CDK1 inhibitors with other targeted therapies, including sorafenib, may also be conceivable. In our research, we illustrated that the CDK1 inhibitor RO3306 enhanced sorafenib treatment in PDX tumor models and the combination effect was confirmed in CSC-derived orthotopic tumor models. The PDX models are currently the most accepted tumor model to predict clinical outcomes. In the F1 generation, PDX tumor models showed synergistic anticancer growth effects with targeting of CSCs, accompanied by the downregulation of AKT and pStat3 activation. It also promoted the inhibition of self-renewal and proliferation in 97H CSCs *in vitro.* The *in vivo* tumorigenicity analysis showed the synergistic effect of the combination of RO3306 and sorafenib on 97H CSC-derived xenograft models. Notably, in our research we demonstrated that the adverse effects of RO3306 plus sorafenib are well tolerated, resemble the single sorafenib treatment and that RO3306 is a bearable drug with a similar body weight curve to the vehicle-treated group (**Figure [S2](#SM0){ref-type="supplementary-material"}E**).

Based on the anticancer evidence of the PDX model of case \#4 and case \#10 (**Figure [2](#F2){ref-type="fig"}E**), and with the corresponding results of the western blot analysis (**Figure [3](#F3){ref-type="fig"}B**), high expression activation level of CDK1 has a more dramatic response to combinatorial treatment compared to the corresponding controls. Moreover, the high activity of CDK1 showed a downregulation of CDK1, PDK1 and β-Catenin in PDX case \#4 following treatment with the CDK1 inhibitor (**Figure [3](#F3){ref-type="fig"}B**, left). The higher expression levels of CDK1, Oct4 and Nanog after sorafenib treatment in case \#10 would explain the reason for sorafenib resistance in the clinic (**Figure [2](#F2){ref-type="fig"}E**, right and **Figure [3](#F3){ref-type="fig"}B, D**) and was confirmed by the low level of pErk1/2 in case \#10 PDX tumor model (**Figure [3](#F3){ref-type="fig"}E**). Intriguingly, whether the CDK1 levels were high or low, the decreased CDK1, PDK1 and β-Catenin levels occurred or didn\'t occur following single treatment, but the synergistic decline in the activity of CDK1, PDK1 and β-Catenin synchronized with the combinatorial treatment (**Figure [3](#F3){ref-type="fig"}B**). This was consistent with the result of the decreased stemness-related proteins Oct4, Sox2 and Nanog, as well as Akt and pStat3 activation. Taken together, the preclinical findings illustrate the possibility for using CDK1 inhibitors in complement with sorafenib for the treatment of specific CDK1-aberrant HCC tumors.

RO3306 has a more dramatic inhibition compared with the sorafenib treatment of case \#10 (**Figure [2](#F2){ref-type="fig"}E**, right) and 97H CSCs (**Figure [4](#F4){ref-type="fig"}D**), which is in line with the western blot analysis showing the downregulation of the activation level of pStat3 (**Figure [3](#F3){ref-type="fig"}F** and **Figure [4](#F4){ref-type="fig"}E**). pStat3 is important to CSC maintenance and cancer progression [@B28], [@B50]. Based on the evidence that CDK1 plays an essential role in cancer progression and embryonic stem cells (ESC) through the association with stemness marker Oct4 [@B20], [@B21], the effect of CDK1 in a defined CSC population was investigated in our study. Dysregulation in cell cycle could lead to developmental abnormalities and cancer proliferation. Focusing on the defects of cell cycle regulation in cell division could provide new approaches for designing new and novel targeted drug therapies. Here, we confirmed the hypothesis of the essential role of CDK1 in CSCs and that pharmacological inhibition could suppress liver CSC progression via the cell cycle. The combinatorial treatment could decrease the S phase in 24 h treatment and promote cells to enter into a Sub-G1 phase during 48 h exposure (**Figure [4](#F4){ref-type="fig"}C** and **Figure [S4](#SM0){ref-type="supplementary-material"}D**).

We attempted to explore the molecular mechanism of the oncogenic role of CDK1. We reported that CDK1 interaction with another oncogenic molecule, PDK1, is in line with the previous findings in embryonic stem cells (39). PDK1 has been shown to play an important role in metastasis, moreover liver metastasis from breast cancer, which also has a high expression level of PDK1 (31, 32). Furthermore, we demonstrated that CDK1 and PDK1 association was related to tumor metastasis (p=0.025) and poor disease-free survival (p=0.03). Consistently, a Cox proportional hazard regression analysis revealed that CDK1 in association with PDK1 is an independent prognostic factor of disease-free survival (p=0.009). The CDK1 inhibitor RO3306 alone or in combination with sorafenib could decrease CDK1, PDK1 and β-Catenin in 97H CSCs and the PDX models *in vivo.* Furthermore, down-regulation of CDK1 by shRNAs and pharmacological inhibition of CDK1 by RO3306 showed a consequent decrease in PDK1 and β-Catenin, with tumor suppression on single-cell sphere formation and colony formation. The aberrant β-Catenin- related chromosome 8p losses were associated with large tumor size [@B51]. It is reported that human β-catenin alterations account for 26% of human liver tumors. The dysfunctional β-catenin pathway leads to carcinogenesis and is closely associated with mouse and human HCC [@B52]. Wnt/β-catenin signaling acts through inducing EMT, which is important to maintaining CSC stemness [@B53]-[@B57]. In our study, RO3306 could enhance sorafenib to decrease the CSC population *in vivo* and *vitro*, which may occur through the reversal of EMT with down-regulation of the mesenchymal markers Snail 1 and Snail 2, and upregulation of the epithelial marker E-cadherin, suggesting anti-metastatic potential. Reversing EMT is associated with the suppression of CDK1, PDK1 and β-Catenin activation.

In summary, we report that CDK1 was frequently overexpressed in HCC and associated with tumor progression via the CDK1, PDK1 and β-Catenin pathways (**Figure [S8](#SM0){ref-type="supplementary-material"}** and **Figure [S9](#SM0){ref-type="supplementary-material"}**). RO3306 could enhance sorafenib treatment in F1 PDX tumor models by targeting CSC stemness. Together, this evidence supports a personalized therapeutic option for a novel molecular subgroup of patients with CDK1-aberrant HCC receiving a CDK1 inhibitor combined with sorafenib treatment.

This study was supported by Healthy and Medical Research Fund, Research Council of Hong Kong (HMRF 03143396 to XQW).

CDK1

:   cyclin-dependent kinase 1

Co-IP

:   Co-immunoprecipitation

CSCs

:   cancer stem cells

EMT

:   epithelial-mesenchymal transition

HCC

:   hepatocellular carcinoma

Nanog

:   homeobox protein NANOG

Oct4

:   octamer-binding transcription factor 4

PDK1

:   phosphoinositide-dependent kinase

PDX

:   patient-derived tumor xenograft model

Sox2

:   sex determining region Y-box2

Stat3

:   signal transducer and activator of transcription 3.
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![**Potential clinical association of CDK1, PDK1 and β-catenin in HCC. (A-B)** Western blot measurements of CDK1, PDK1 and β-catenin in the immortalized hepatocyte cell line LO2 and 97H liver cancer cell line, normal human liver tissue (N21, N23) and fresh HCC samples. **(C-D)** The expression levels of CDK1, PDK1 and β-catenin in clinical HCC tumors. **(E)** The overall survival of CDK1 high compared with CDK1 low HCC patients. **(F-H)** The correlation of CDK1 and PDK1, PDK1 and β-catenin, CDK1 and β-catenin. **(I)** The interaction between CDK1 and PDK1 detected by Co-IP. **(J)** The disease-free survival of the CDK1/PDK1 unrelated group compared with the CDK1/PDK1 related group. p \< 0.05 was considered a significant difference.](thnov08p3737g001){#F1}

![**Efficacy of treatments on tumor growth. (A)** The diagram of the PDX tumor model (F0 and F1 generation) establishment and targeted drug administration schedule. **(B)** Growth curves of total tumor nodules of the PDX models were derived from HCC case \#4 and case \#10 from day 3 to day 26 in various treatment groups. **(C)** The tumor weights of the four indicated groups at the 4 week endpoint. **(D)** The tumor images of HCC case \#4 and \#10 PDX tumors at the endpoint. Each indicated treatment group included 6 mouse tumors per PDX cases. **(E-F)** The tumor weight of HCC case \#4 and \#10 PDX tumors corresponding to (D). \*, p \< 0.05; \*\*, p \< 0.01 compared to the control. \#p \< 0.05 compared to single agent treatment.](thnov08p3737g002){#F2}

![**Antitumor effect is associated with downregulation of CDK1/PDK1/β-catenin and targeting the CSC population in PDX models. (A)** H&E staining of HCC tissue and paired PDX tumors of the F1 generation (PDX F1). Scale bar represent 10 μm. **(B)** The expression levels of CDK1, PDK1 and β-catenin detected by western blot. **(C)** The CD133 and CD90 CSC population measured by flow cytometry. **(D)** Western blot analysis of the activation of stemness-related proteins Oct4, Sox2 and Nanog. **(E)** HCC PDX F1 case \#10 had low activity level of pErk1/2. **(F)** Activation levels of AKT and pStat3 in the indicated groups of HCC PDX cases \#4 and \#10.](thnov08p3737g003){#F3}

![**Synergistic anticancer effect of RO3306 and sorafenib on liver CSC stemness. (A)** 97H sphere cells were treated with DMSO, RO3306 (4 mM), sorafenib (5 mM), and RO3306 (4 mM) combined with sorafenib (5 mM). Colony formation was counted on day 7 (86.9 ± 8.3, 38.3 ± 15.2, 19.8 ± 5.9 and 4.4 ± 3.7 in DMSO, RO3306, sorafenib and combinatorial group). The data are presented from two independent experiments, each with eight replicates. An independent *t*-test was used for statistical comparison. \*, p \< 0.01 compared to the control. \#, p \< 0.05 compared to single agent treatments. **(B)** The 97H CSCs were serially diluted into single cells (one cell/well) followed by low-dose RO3306 (2 mM), sorafenib (2.5 mM), and RO3306 (2 mM) combined with sorafenib (2.5 mM) treatment for two days. The sphere formation of more than 40 cells were counted. Single-cell formation (%) was evaluated by the sphere formation number divided by the single cell seeding number in a 96 well plate. Single sphere formation was 78.7%, 20.3%, 27.8% and 8.4% in DMSO, RO3306, sorafenib and combinatorial group, separately.**(C)** PI staining analysis of cell cycle in the indicated groups. The data represent two independent experiments, each in triplicate. **(D)** Single-cell sphere formation following 2 days of treatment observed for 40 days to calculate the number of huge spheres formed (sphere size \>1 mm). Huge single-cell formation was evaluated by the huge sphere formation number divided by the single cell seeding number in a 96-well plate. Scale bar represent 500 μm. **(E)** 97H sphere cells were treated with DMSO, RO3306 (4 mM), sorafenib (5 mM), and RO3306 (4 mM) combined with sorafenib (5 mM) for 48 h. Then, an analysis of the activation level of pStat3 and Akt was performed.](thnov08p3737g004){#F4}

![**The combined effect on tumorigenicity and tumor growth. (A)** The diagram of tumorigenicity *in vivo* and single-cell sphere formation assay. First, cells were pretreated with low-dose DMSO, RO3306 (2 mM), sorafenib (2.5 mM), and RO3306 (2 mM) combined with sorafenib (2.5 mM) for two days. **(B)** The comparison of single-cell sphere formation in indicated groups after pretreatment without further treatment. **(C-D)** The bioluminescence signal represented the tumor incidence and was confirmed by the tumor image, all at 4 weeks\' time. **(E)** Statistical comparison of tumor incidence (%) in various groups after injection of pretreated cells without further treatment for 4 weeks. **(F-G)** Statistical comparison of the tumor size and volume based on the image in (D). **(H-I)** Antitumor and antimetastasis effect of the combinatorial treatment on 97H CSC-derived orthotropic tumor models. \*, p \< 0.01 compared to control. ^\#^, p \< 0.05 compared to single agent treatments.](thnov08p3737g005){#F5}

![**The CDK1/PDK1/β-catenin axis in CSCs. (A-B)** 97H CSCs were treated with scrambled shRNA (shCon) or shRNA (shCDK1-2 and shCDK1-22) against CDK1. Western blot results confirmed the decreased expression levels of CDK1 in 97H CSCs, with a downregulation of PDK1, β-catenin and AKT. **(C)** Pharmacological inhibition of CDK1 with RO3306 for 24 h. Western blot analysis of the expression levels of CDK1, PDK1 and β-catenin. **(D)** Inhibition of CDK1 combined with sorafenib or alone for 48 h. Western blot detected the indicated protein levels. **(E)** shCDK1 knockdown, followed by a colony formation assay. **(F)** shCDK1 knockdown group compared with the scrambled group for the single-cell sphere formation assay in a 96-well plate. The data represent three independent experiments, each in triplicate. \*\*, p \< 0.01 compared to control.](thnov08p3737g006){#F6}
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